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seven transmembrane receptor; trafficking; G protein-coupled receptor SEVEN TRANSMEMBRANE (7TM) receptors are characteristically stimulated at the cell surface to activate their heterotrimeric G proteins but they are actually found in many cellular compartments. Newly synthesized receptors undergoing anterograde transport to the plasma membrane (PM) are found within the endoplasmic reticulum (ER), the Golgi stack and in transport vesicles (14, 15, 41) . 7TM receptors also undergo retrograde transport from the cell surface via endosomes, from which they may be targeted to sorting compartments and then to lysosomes or back to the PM (15, 18, 41) . Some 7TM receptors are located primarily at the cell surface, whereas others are largely trapped within the ER unless coexpressed with chaperone proteins that facilitate ER exit (1, 10, 14, 15, 41) . Indeed, significant ER retention is increasingly seen as the norm because as much as 50% of all newly synthesized protein fails to meet ER exit quality control criteria (16) . For example, only 40% of the ␦-opioid receptors exit the ER after appropriate folding and glycosylation (35, 36) . Much of the work in this field has highlighted the importance of COOH-terminal tails that can influence the efficiency of ER exit as well as the internalization and endosomal sorting of 7TM receptors (18, 41) . For internalization, the key role of COOH tails relates to their phosphorylation and subsequent ␤-arrestin binding. This not only desensitizes the receptor but also targets it for internalization (often via clathrin-coated vesicles). Since the phosphorylation most often occurs within the COOH tail (26, 37) these structures are important for agonist-induced desensitization and internalization.
The cloned gonadotropin-releasing hormone (GnRH) receptor (GnRHR) can be divided into structurally and functionally distinct groups. Type I mammalian GnRHR are selectively activated by GnRH I (termed GnRH hereinafter for simplicity) and are unique among known 7TM receptors in that they lack COOH tails. This apparently underlies their failure to undergo agonist-induced phosphorylation, bind ␤-arrestins, rapidly desensitize and their slow internalization from the PM (2, 5, 13, 20 -22, 27, 28, 31, 34, 43, 44) . In contrast, type II mammalian GnRHR and all cloned nonmammalian GnRHR have COOHterminal tails. Where investigated they have been found to be selectively activated by GnRH II [(His 5 , Trp 7 , Tyr 8 )GnRH] and to undergo agonist-induced phosphorylation leading to ␤-arrestin binding with consequent receptor desensitization and agonist-induced internalization. GnRH mediates central control of reproduction by stimulating the synthesis and secretion of luteinizing hormone and follicle-stimulating hormone. It acts via G ␣q -coupled 7TM receptors to stimulate phospholipase C, causing Ca 2ϩ mobilization and protein kinase C activation (5, 6, 31, 40) , which mediate GnRH effects on gonadotropin synthesis and secretion. GnRH-stimulated gonadotropin secretion can be blocked by antagonists and mimicked by agonists, but sustained stimulation causes desensitization so both types of ligand ultimately reduce gonadal steroid levels, which underlies the use of GnRH analogs to treat various forms of steroid-dependent cancers. Since type I mammalian GnRHR do not desensitize, the regulation of cell surface GnRHR number (rather than coupling) is seen as the key determinant of gonadotrope responsiveness. It has long been known that agonists can stimulate internalization and downregulation of cell surface GnRHR (6), but recent work has focused on anterograde GnRHR trafficking, spurred largely by the observation that cell surface expression of human (h)GnRHR is very low (compared to other GnRHRs) in heterologous expression systems. This is attributed to the presence of a primate-specific Lys 191 (9, 42) , the lack of a second glycosylation site near the NH 2 terminus (27) as well as the absence of any COOH tail (2, 20, 25, 34, 43) . These all reduce cell surface GnRHR levels, and although the mechanisms are largely unknown, the key issue appears to be localization. The importance of GnRHR compartmentalization is best illustrated by point mutants that cause hypogonadotropic hypogonadism. Here, an important observation is that exposure to a membrane-permeant nonpeptide GnRHR antagonist (IN3) "rescues" signaling via most of these mutants (7, 9, 23) . This nonpeptide antagonist (NPA) is thought to aid folding into a conformation needed for ER exit and subsequent trafficking to the PM. The NPA also increases signaling via the wild-type GnRHR, suggesting that a large proportion of hGnRHRs do not traffic to the PM (7). We have found that, when expressed in MCF7 breast cancer cells, Ͻ1% of hemagglutinin (HA)-tagged hGnRHRs are at the PM, whereas most Xenopus (X)GnRHRs (Ͼ50%) are at the cell surface (17, 39) . The intracellular HA-GnRHR were largely colocalized with calreticulin (ER marker), and IN3 increased the proportion of HA-hGnRHRs at the cell surface 10-to 20-fold, consistent with the idea that a large proportion of intracellular HAhGnRHRs are located within the ER as a potentially functional intracellular receptor reserve. The intracellular localization of hGnRHR also has important implications for understanding retrograde transport: it is often assumed that agonist-induced internalization and downregulation contribute to the efficacy of GnRH agonists in cancer therapy, but we know of no direct evidence for such regulation of hGnRHR. Extrapolation from the early studies performed primarily with rodent GnRHR (6, 19, 24, 38) is less compelling in light of the known differences between rodent and hGnRHR compartmentalization [and hence trafficking (9, 42) ], and a recent study (monitoring uptake of radiolabeled antibodies targeting tagged GnRHRs) revealed that type I mammalian GnRHR undergo constitutive but not agonist-induced internalization in COS-7 or human embryonic kidney (HEK)293 cells (33) . Here we have used novel automated cell imaging methods to monitor cell surface expression and internalization of HA-tagged hGnRHRs, XGnRHRs, and chimeric receptors (hGnRHR with an added XGnRHR COOH-terminal tail) expressed by adenoviral transduction in HeLa cells. Our data show that trafficking and internalization of hGnRHRs can, indeed, be stimulated by receptor activation and suggest that our high-throughput imaging models will be useful for further work to determine the mechanisms involved.
MATERIALS AND METHODS
Materials and cell culture. Peptides were from Sigma (Poole, UK) except for Buserelin [(T-BuSer 6 , Pro 9 NH ethylamide)GnRH], which was provided by Prof. J. Sandow (Aventis Pharma, Frankfurt, Germany). A membrane-permeant indole-based GnRH antagonist IN3
propan-1-amine] was provided by Dr. Ashton Wallace (Merck, Rahway, NJ). Culture media were from Gibco BRL (Paisley, UK) and plasticware was from Corning (supplied by Appleton Woods, Birmingham, UK) or Nunc (supplied by Fisher, Loughborough, UK). Sera were from First Link (Brierly Hill, UK), and antibodies (Abs) were from Invitrogen (Paisley, UK) or Cambridge Biosciences (Cambridge, UK). HeLa cells were cultured in DMEM with 10% fetal calf serum, 2 mM L-glutamine, 50 IU/ml penicillin, and 50 g/ml streptomycin (culture medium). For imaging experiments the cells were plated in black-sided and clear-bottomed 96-well plates from Corning (Appleton Woods). GnRHRs with NH 2-terminal (exofacial) HA-tags were expressed in these cells using recombinant, E1 deleted adenovirus (Ad)-expressing HA-hGnRHRs, HAmGnRHRs, HA-XGnRHRs, or HA-h.XGnRHRs (a chimera consisting of the HA-hGnRHR with an added XGnRHR COOH-terminal tail) prepared as described (3, 4, 17, 22, 39) . For some experiments, receptors with an A261K mutation that prevents G protein activation (32) were also expressed (Ad HA-A261K.hGnRHR or HA-A261K.h.XGnRHR, prepared as above). In all cases, cells were transduced with Ad (1-3 plaque-forming units/nl, 6 h incubation) the day after plating and assays were performed the following day.
Quantification of receptor expression. Cell surface and whole cell HA-GnRHR expression were measured by fluorescence microscopy using a semiautomated system for image acquisition (IN Cell Analyzer 1000, GE Healthcare UK, Little Chalfont, UK) and validated algorithms for image segmentation and quantification (IN Cell Analyzer version 1.0 software) as described (17) . The cells were cultured in 96-well plates at 2,500 -5,000 cells/well, infected with Ad HA-GnRHRs, and left for 16 -24 h before staining. For cell surface receptor staining, they were incubated for 1 h at 4°C with mouse primary Ab (mouse monoclonal anti-HA-11 clone 16B12, stock at 5-7 mg/ml diluted 1:200 in DMEM with 1% BSA) and then washed with ice-cold PBS, fixed (30 min in 2% paraformaldehyde/PBS), and permeabilized (10 min in PBS-0.1% Triton X-100). The cells were then washed (3ϫ), blocked (1 h in PBS-0.1% Triton X-100 -1% BSA), and incubated 1 h with the secondary Ab (Alexa Fluor 488-conjugated goat anti-mouse IgG at 1:500 in PBS-0.1% Triton X-100 -1% BSA). They were then washed with PBS (2ϫ), incubated with 0.3 M 4Ј,6-diamidino-2-phenyindole (DAPI, 15 min), and washed before imaging. For whole cell staining, cells were washed with PBS, fixed, permeabilized, and blocked before exposure to the anti-HA primary Ab. They were then washed with PBS (3ϫ) and incubated with the secondary Ab and DAPI, as above. Digital images were acquired, collecting one to four fields per well with a ϫ10 objective (Plan Apochromat, numerical aperture 0.45) providing images of 100 -1,000 cells (per well) in a total imaged area of 0.6 -2.4 mm 2 . These were segmented and quantified using the IN Cell 1000 Analyzer software (Dual Area Analysis Algorithm version 1.0, GE Healthcare). After subtraction of background fluorescence (measured in cell-free regions), this gave fluorescence intensity in arbitrary fluorescence units (AFU) per cell and per well. In some experiments we also defined the proportion of imaged cells expressing measurable HA-GnRHRs (cells in which fluorescence was Ͼ20% above background) and compounded these values [% positively stained (ϩve) cells ϫ AFU in ϩve cells] as an expression index (EI). In several experiments, the cell surface EI was expressed as a percentage of the whole cell EI to calculate the proportional cell surface expression (PCSE). Nonspecific labeling was negligible with these protocols as revealed by the low fluorescence intensity in control cells receiving no Ad or by omission of primary or secondary Ab (not shown).
Quantification of HA-GnRHR turnover and internalization. To monitor receptor trafficking, intact HA-GnRHR transduced HeLa cells were incubated 0 -60 min at 37°C with mouse anti-HA (1:200) in DMEM with 2% fetal calf serum with or without 10 Ϫ7 M GnRH, and the incubations were terminated by washing the cells (1ϫ) in ice-cold PBS. They were then fixed, permeabilized, and stained with secondary Ab and DAPI as above. Alternatively, HA-GnRHR-expressing cells were incubated 60 min with anti-HA (1:200) in DMEM with 2% BSA at ϳ21°C, then washed and incubated 0 -60 min at 37°C in DMEM with 2% BSA with treatments described in the figure legends. The cells were then washed in ice-cold PBS after which they were fixed, permeabilized, stained with secondary Ab and DAPI, and then used for image capture and quantification of whole cell HA-GnRHR expression as above. These experiments revealed a time-, temperature-, and agonist-dependent increase in HA-GnRHR staining within small punctuate regions that were often concentrated around the nucleus. In preliminary experiments, fluorophore-labeled transferrin was included (during the 60-min incubation with primary Ab), and the bright HA-GnRHR stained points were often colocalized with transferrin, consistent with redistribution of the HA-tagged GnRHR from the cell surface to endosomes (supplemental data Fig. 1 ; supplemental data for this article can be found at the American Journal of Physiology-Cell Physiology Web site). To quantify this redistribution, we used automated software (Dual Area Analysis Algorithm version 1.0) to define the perimeters of the nuclei, and then to add a collar of 2 m around the nucleus and identify the small intensely stained regions "inclusions." For each cell we determined the number of inclusions in the area defined by the nucleus and collar and the mean value for each well (supplemental data Fig. 2) .
Statistical analysis and data presentation. The figures show the data (means Ϯ SE) of three or four wells in experiments that are representative of at least two similar experiments or show data pooled from at least three independent experiments. Where data are normalized for pooling, this was as described in the figure legends. Statistical analysis was by one-or two-way ANOVA and post hoc tests (as detailed in the figure legends) accepting P Ͻ 0.05 as statistically significant.
RESULTS

Imaging of HA-tagged GnRHRs in HeLa cells.
We have previously described an automated imaging system for GnRHR quantification in hormone-dependent cancer cells (17) and here, our initial aim was to develop a similar assay for HeLa cells, a model used to explore GnRHR signaling and trafficking (3, 4, 21) . We used recombinant adenovirus to express HA-tagged human and Xenopus laevis GnRHR, and a chimera consisting of the hGnRHR sequence in tandem with the COOH tail of the XGn-RHR (h.XGnRHR). The cells were incubated for 18 h with or without the NPA IN3 before measuring GnRHR expression by fluorescence immunohistochemistry with automated image acquisition. This revealed that whole cell staining was comparable for all three receptors but that cell surface staining was much lower with the hGnRHR and h.XGnRHR than with the XGnRHR and that cell surface expression of hGnRHR and h.XGnRHR (but not XGnRHR) was increased by IN3 (Fig. 1A) . We then used automated algorithms to segment the images and measure stain intensity (in AFU) in each cell (Fig. 1B) . We also determined the proportion of cells that were positively stained (AFU Ͼ20% above background) and calculated an EI by compounding these values. Cell surface and whole cell EI values were then used to determine PCSE. This confirmed that cell surface expression of XGnRHRs is much higher than that of hGnRHRs , and nuclei were stained with 4Ј,6-diamidino-2-phenyindole (DAPI), before image acquisition and analysis as described in MATERIALS AND METHODS. To measure whole cell receptor expression, permeabilized cells were exposed to primary and secondary Ab before imaging as above. A: thumbnail images from individual wells stained for cell surface and whole cell receptor expression after transduction with Ad GnRHR. CTRL, control. B: higher magnification for a region of cells (IN3-treated cell surface HA-hGnRHRs from the white-boxed thumbnail region in A) stained for nuclei (DAPI, blue) or GnRHR (green). The merged image illustrates the perimeters of the nuclei and cells determined using IN Cell 1000 Analyzer software and the application of a filter to define positively (ϩve) stained cells (HA-hGnRHR staining Ͼ20% above background -green perimeter traces) and negatively stained (Ϫve) cells (HA-hGnRHR staining Ͻ20% above background -red perimeter traces). C: expression index (EI) calculated by compounding the percentage of ϩve cells by the mean receptor fluorescence intensity (arbitrary units). D: proportional cell surface expression (PCSE) calculated by expressing the cell surface EI as a percentage of the whole cell EI. These data are all from the same representative experiment, and bar charts show means Ϯ SE for 4 -8 replicate wells (i.e., data derived from Ͼ5,000 individual cells). or h.XGnRHRs and that cell surface expression of hGnRHR and h.XGnRHR (but not XGnRHR) was greatly increased by IN3. Moreover, the PCSE values (with and without IN3) mirrored the EI data (compare Fig. 1, C and D) because whole cell expression levels were comparable for all three receptors (not shown). These data demonstrate that in HeLa cells [as in hormone-dependent cancer cell lines (17) ] the proportion of GnRHRs expressed at the cell surface is dependent on receptor structure, is subject to pharmacological manipulation, and can be readily measured by automated imaging.
Peptide agonist and NPA effects on cell surface HA-GnRHR expression. We next measured effects of IN3 and the peptide agonist Buserelin and found that the NPA increased the proportion of hGnRHRs at the cell surface (PCSE increased almost 7-fold, from 1.6% to 11%), whereas the agonist had no measurable effect on hGnRHR PCSE (Fig. 2, A and B) . IN3 also increased the proportion of h.XGnRHRs at the cell surface (PCSE increased from 6.3% to 17.6%), whereas the agonist reduced the h.XGnRHR PCSE (Fig. 2, A and B) . These compounds had no measurable effect on whole cell expression of either receptor (not shown), so the PCSE values were mirrored by measures of cell surface expression (compare Fig.  2, A and B) . In time course experiments, the IN3 effects on HA-hGnRHR and h.XGnRHR expression and PCSE were measurable within 2-4 h and maximal after 4 -24 h (not shown). To explore the time dependence of agonist effects, cells expressing HA-GnRHR were incubated for 18 h with 0 or 10 Ϫ7 M IN3, then washed and incubated for various periods with or without 10 Ϫ7 M GnRH before determining the cell surface EI. For these experiments we included mGnRHR and XGnRHR because rodent and XGnRHRs are better expressed at the cell surface than hGnRHR (using GnRH II as the agonist for XGnRHR). As shown (Fig. 2F) , GnRH II caused a rapid reduction in cell surface expression of XGnRHRs (significant reduction at 10 min, maximal effect at 120 min). GnRH also reduced expression of mGnRHR and h.XGnRHR (within 60 -120 min) but did not measurably alter cell surface expression of the hGnRHR (Fig. 2, C-E Ϫ7 M GnRH (C-E) or GnRH II (F) at 37°C. These incubations were terminated by washing at 4°C, before staining for cell surface HA-tagged GnRHRs. Data shown are the surface expression index (arbitrary units) determined as above and normalized to the internal control (IN3 treated for C-E). All values are means Ϯ SE (n ϭ 3) from 3 separate experiments each with 3-6 replicate wells. In F, the data obtained with and without IN3 pretreatment were indistinguishable and have therefore been pooled. *P Ͻ 0.05, **P Ͻ 0.01 compared with CTRL.
did not reduce hGnRHR, h.XGnRHR, or mGnRHR expression, demonstrating the effect to be agonist specific (not shown).
Dose-response curves (Fig. 3 ) revealed comparable potencies for the Buserelin effects on hGnRH and h.XGnRHR expression (IC 50 values of ϳ10 Ϫ10 M in IN3-pretreated cells), and the pIC 50 value for the Buserelin effect on h.XGnRHR expression was lower in control cells than in IN3-treated cells (pIC 50 values of 10.5 Ϯ 0.4 and Ͻ12, respectively, in control and IN3-pretreated cells), consistent with the presence of the competitive antagonist. We also used a similar protocol to determine whether signaling was necessary for the agonistinduced reduction in cell surface GnRHR expression. As expected, the agonist had no measurable effect on cell surface hGnRHR expression in control cells, but when cells had been pretreated with IN3 to increase cell surface expression, it caused a pronounced reduction that was evident at 1 h and was maintained for 4 h of incubation. Similarly, Buserelin caused only a modest reduction in cell surface expression of h.XGnRHRs but had a more pronounced effect in cells pretreated with IN3. In similar experiments with receptors bearing an A261K mutation that prevents G protein activation (32), IN3 caused a pronounced increase in cell surface expression of the A261K.hGnRHR and A261K.h.XGnRHR, but the agonist failed to reduce cell surface expression of these receptors, even after IN3 pretreatment (Fig. 4) .
Trafficking of HA-GnRHR from the cell surface. We also developed automated imaging assays to monitor ligand effects after labeling of cell surface receptors with anti-HA in intact cells. In the first experiments we simply transduced cells with Ad GnRHR (with or without exofacial HA tag), then incubated them with a primary anti-HA for various periods at 37°C (with or without agonist) before fixation, permeabilization, and staining. Nonspecific staining (HA detection in cells expressing nontagged h.XGnRHR) was negligible, but clear HA-h.XGnRHR staining was observed after 7.5-60 min of incubation with anti-HA (Fig. 5 and data not shown) . In unstimulated cells, HA-h.XGnRHR was relatively evenly distributed over the cells, with more intense staining evident at the perimeter of many cells. Addition of GnRH reduced this perimeter staining and caused a pronounced redistribution of HA-h.XGnRHR to intense punctuate regions that was often prevalent around the nucleus, and similar staining was seen in cells expressing HA-hGnRHR or HA-XGnRHR (Fig. 5 and data not shown) . These staining patterns are suggestive of agonist-induced redistribution to endosomes, and this was confirmed by monitoring uptake of fluorophorelabeled transferrin (which undergoes receptor-mediated uptake into endosomes and is then trafficked to postendosomal sorting compartments) under similar conditions. In control cells, there was little colocalization of HA-GnRHR and transferrin, but in GnRH stimulated cells, the fluorophores were often colocalized in punctuate regions that were often prevalent around the nucleus (supplemental data Fig. 1 ), supporting the notion that GnRH stimulates the redistribution of HA-GnRHR from the cell surface to endosomes. This redistribution was quantified using an automated image segmentation algorithm to determine the number of small intensely stained inclusions in the area defined by adding a 2-m collar to the nuclear perimeter. Using this "inclusion count" as a measure of GnRHR trafficking from the PM to endosomes, we found that this was relatively slow for each of the receptors used but was increased by stimulation with GnRH (HA-hGnRHR and HA-h.XGnRHR) or GnRH II (HA-XGnRHR), with maximal inclusion counts after 30 -60 min of activation in each case (Fig. 5 ). Very few inclusions were seen in cells expressing nontagged GnRHRs, and GnRH had no measurable effect on distribution of HA-A261K-h.XGnRHR (Fig. 5) .
The data above reveal that the trafficking of hGnRHR, h.XGnRHR, and XGnRHR is agonist stimulated, but they do not necessarily equate to agonist-induced internalization. This is because the assay is dependent on antibody (Ab) binding to cell surface receptors and redistribution to inclusions, so agonists could conceivably be increasing trafficking to the PM rather than internalization. To monitor internalization more directly, cell surface HA-GnRHR were Ab loaded by incubation for 60 min at 21°C, before washing and incubation for varied times at 37°C in the presence or absence of agonist. HA-GnRHR-stained inclusions were then quantified by imaging as above. As shown (Fig. 6, A and B) , GnRH increased internalization of the HA-h.XGnRHR and HA-mGnRHR at 60 min but not at 15 min (data obtained at 0 min were similar to those at 15 min, and data obtained at 30 min were intermediate between the 15 and 60 min data, not shown). Very few inclusions were seen with nontagged h.XGnRHR (demonstrating that the Ab redistribution is receptor mediated). The inclusion count was also very low (and not measurably altered by GnRH) in cells expressing HA-hGnRHR, which is consistent with the lower hGnRHR number at the cell surface during primary Ab loading. We also used this assay to determine the dose dependence of GnRH on h.XGnRHR internalization us- ing only the 60-min time point. As shown (Fig. 6C ), GnRH caused a dose-dependent increase in inclusion number (pEC 50 9.5 Ϯ 0.2). Finally, this assay was used to determine effects of agonists and antagonists on internalization. As shown (Fig. 6,  D-F) , GnRH increased the internalization of h.XGnRHR and mGnRHR but did not increase internalization of the A261K-h.XGnRHR. Moreover, cetrorelix and IN3 both blocked the stimulatory effects of GnRH on internalization of h.XGnRHR and mGnRHR. Thus, the internalization of these receptors (Fig. 6) , like the downregulation of cell surface receptor number (Figs. 2-4) , is stimulated by agonist but is not increased by a peptide antagonist and is dependent on receptor signaling.
DISCUSSION
Sustained stimulation with GnRH agonists desensitizes GnRH-stimulated gonadotropin secretion, and although this effect underlies therapeutic applications of GnRH agonists, the mechanisms remain poorly understood. Reduction in gonadotropin and GnRHR synthesis is important in vivo, but it is also assumed that agonist-induced GnRHR internalization and consequent downregulation of cell surface GnRHR play a role. This assumption is made despite the paucity of direct data on retrograde trafficking of hGnRHR. Indeed, the low cell surface expression of hGnRHR has precluded extensive study of their internalization or downregulation, and extrapolation from early work with rodent models is difficult in light of the finding that their localization (and therefore their trafficking) differs markedly from that of hGnRHR (9, 42) . Moreover, type I mammalian GnRHR are structurally and functionally unique, in that they lack COOH-terminal tails and are thought not to undergo agonist-induced arrestin binding or rapid homologous desensitization (2, 5, 13, 20 -22, 27, 28, 31, 34, 43, 44) . Since arrestin typically targets desensitized 7TM receptors for internalization, the lack of arrestin binding begs the question of how GnRHR could be targeted for internalization, and a recent study revealed that, in COS-7 and HEK293 cells, epitopetagged rat GnRHR and hGnRHR underwent constitutive, but not agonist-induced, internalization (33) . This underlines the fact that most work on hGnRHR internalization has actually followed the receptor-mediated uptake of radiolabeled agonists and therefore does not distinguish between agonist-induced and constitutive internalization. It also begs the fundamental question of whether or not hGnRHR undergo agonist-induced internalization and consequent downregulation.
To address these issues, we have developed automated imaging models to monitor the compartmentalization and trafficking of GnRHR with exofacial HA tags. We show that only a small proportion of GnRHRs are located at the cell surface after Ad-mediated transduction in HeLa cells and that this proportion is dependent on receptor structure (i.e., is much higher for XGnRHRs that for hGnRHRs and increased by addition of the XGnRHR tail to the hGnRHR) and can be increased in a dose-and time-dependent manner by the NPA IN3. These data (Fig. 1 ) are in accord with the notion that most hGnRHRs are actually intracellular and that NPAs can act as pharmacological chaperones that increase the efficiency of GnRHR exit from the ER and thereby increase anterograde GnRHR trafficking to the PM (7, 9, 23, 42) . We also found that agonists reduce the cell surface expression of mGnRHR, XGnRHR, or h.XGnRHR but did not measurably reduce hGnRHR expression (Fig. 2) . However, when cells were pretreated with IN3, agonists did cause a pronounced timeand dose-dependent reduction in cell surface expression of hGnRHR, as well as the h.XGnRHR and XGnRHR (Fig. 2 ).
An alternative possible explanation of these data is that the agonist reduced cell surface hGnRHR expression in IN3-pretreated cells by inhibiting IN3 binding, but this is unlikely because the membrane-impermeant peptide agonists act at the cell surface, whereas IN3 is thought to act intracellularly. Moreover, a peptide antagonist (cetrorelix) failed to reduce hGnRHR expression in IN3-pretreated cells (not shown), and the agonist failed to reduce cell surface expression of hGnRHR or h.XGnRHR mutated to prevent G protein activation [A261K (32)], demonstrating dependence of this effect on signaling rather than just receptor occupancy. Thus, our data reveal that, Ϫ7 M Buserelin at 37°C. These incubations were terminated by washing at 4°C, before staining for cell surface HAtagged GnRHRs. Data shown are the surface expression index (arbitrary units) determined as above and are means Ϯ SE (n ϭ 3) from 3 separate experiments (each with 3 replicate wells per treatment) and are normalized to the internal control value. **P Ͻ 0.01 compared with CTRL.
in HeLa cells, there is no measurable agonist-induced downregulation of cell surface hGnRHR but when steps are taken to first increase cell surface expression (i.e., by addition of the XGnRHR COOH tail or by pretreatment with NPA) there is a clear agonist-stimulated and receptor activation-dependent downregulation of cell surface hGnRHR (Fig. 2 ).
An obvious question raised by our data is why agonists downregulate cell surface hGnRHR expression in IN3-pretreated cells but not in control cells. This could clearly just reflect the low hGnRHR at the cell surface and the detection limits of the assay, but an alternative possibility is that GnRH stimulates both anterograde and retrograde trafficking and therefore causes no net change in hGnRHR expression at the PM. This would be consistent with other 7TM receptors such as ␦-opioid peptide receptors that are largely stored in intracellular transport vesicles that are delivered to the cell surface in response to activation of a small subpopulation of receptors at the cell surface (45) . In radioligand binding studies we have shown that equilibrium binding of 125 I-labeled Buserelin to cell surface hGnRHRs (in MCF7 cells) is extremely low and can be increased by raising the temperature to 37°C, suggesting the existence of cryptic receptors that move to the PM at temperatures permissive for trafficking (39) . Since no such temperature-dependent increase was seen with A261K-hGnRHR, we suggested that the cell surface receptor activation may stimulate anterograde GnRHR trafficking (39) . This effect was Ϫ7 M GnRH as shown. These incubations were terminated by washing at 4°C, before fixation, permeabilization, and staining (DAPI and Alexa Fluor 488-conjugated anti-mouse IgG), followed by image acquisition and analysis. Bottom row: illustration of the use of automated algorithms to segment the images, defining the perimeters of the nuclei (from the DAPI stain), adding a 2-m collar, and identifying the bright punctuate regions of HA-GnRHR stain within the cross-sectional area defined by nucleus and collar. This number ("inclusion count," the mean number of the small circles in the segmented images) provides a measure of receptors that have trafficked from the plasma membrane to putative endosomes. In the bottom panels, HeLa cells transduced with HAtagged hGnRHR, h.XGnRHR, A261K-h.XGnRHR, or XGnRHR (1 pfu/nl) were incubated for 0 -60 min at 37°C in medium with primary antibody and 0 (E) or 10 Ϫ7 M GnRH (F, GnRH II for the XGnRHR) as indicated. Nontagged versions of three of the GnRHRs were also included as negative controls (‚). The cells were washed, fixed, permeabilized, and stained before image acquisition and analysis, as above. The data shown are inclusion counts as means Ϯ SE (n ϭ 3) pooled from 4 separate experiments (each with 4 replicate wells per treatment). *P Ͻ 0.05, **P Ͻ 0.01 compared with corresponding control value without GnRH.
relatively rapid (evident within 5 min and maximal within 30 min at 37°C), and any such effect occurring in HeLa cells could clearly oppose effects of agonist-induced internalization on cell surface receptor number.
We also monitored GnRHR trafficking and found that anti-HA bound to cell surface GnRHR and then trafficked to bright points that were prevalent around the nucleus. In preliminary experiments we found that this redistribution was time, temperature, and agonist dependent. Moreover, no such redistribution was seen in control cells expressing nontagged GnRHR, and fluorophore-labeled transferrin colocalized with the anti-HA in the bright points of HA-GnRHR-expressing cells. These data are entirely consistent with previous confocal microscopy studies showing agonist-induced redistribution of HA-XGnRHR to endocytic vesicles where they colocalize with arrestins and transferrin (21 and data not shown), so we developed an automated system to quantify these puncta (supplemental data). This system has much higher throughput than conventional confocal microscopy approaches, and we routinely acquired digital images from over Ͼ10,000 individual cells (i.e., from a 96-well plate with one field per well) within 20 min, and image analysis was completed within a similar time frame.
In the first experiments we incubated cells with anti-HA with 0 or 10 Ϫ7 M GnRH I (hGnRHR or h.XGnRHR) or GnRH II (XGnRHR) and found that the agonists increased the inclusion count for all three receptors (at 30 and/or 60 min). To our knowledge, this experiment (Fig. 5) provides the first direct demonstration of agonist-stimulated hGnRHR trafficking, but in this assay (where primary Ab and agonist are present together) the agonist effect could reflect stimulation of hGnRHR trafficking to and/or from the cell surface. To more directly monitor internalization, we first labeled cell surface HA-GnRHR with primary Ab, then washed the cells and incubated them for varied periods at 37°C with test compounds. Receptor-independent Ab uptake was very low (as seen in cells expressing a nontagged h.XGnRHR), but there was a clear agonist-dependent internalization of h.XGnRHR and mGnRHR that was measurable In all cases, incubations were terminated by washing at 4°C and cells were then processed to determine the inclusion count, as described in MATERIALS AND METHODS. The data shown are means Ϯ SE (n ϭ 3 or 4) pooled from 3 or 4 separate experiments (each with 2-4 replicate wells per treatment). ANOVAs revealed "treatment" as a significant variable in A-E (but not in F). NS, not significant. **P Ͻ 0.01 compared with corresponding control without GnRH.
at 30 min and maximal at 60 min (Fig. 6) . With this assay, HA-hGnRHR staining was very weak and we were unable to measure either basal or GnRHR-stimulated hGnRHR internalization. However, the GnRH effect on h.XGnRHR internalization was found to be dose dependent and (like the effect on mGnRHR internalization) was blocked by a peptide and nonpeptide antagonists. Interestingly, GnRH failed to alter trafficking of the signal-dead A261K-h.XGnRHR in either assay (Figs. 5 and 6 ). Thus, G protein activation is not needed for the NPA to increase GnRHR trafficking to the cell surface (Fig. 4) but is necessary for agonist-induced GnRHR downregulation (Fig. 4) and for agonist-induced internalization (Fig. 6) . These data are consistent with work showing that the A261K mutation slows GnRHR-mediated uptake of radiolabeled agonist (32) and the notion that agonist-induced internalization underlies the observed agonist-induced downregulation.
Our data reveal agonist-induced downregulation, trafficking, and/or internalization of type I mammalian GnRHR. As such they are consistent with early work showing agonistinduced downregulation of cell surface GnRHR in primary rat pituitary cell cultures (30) and in a murine gonadotroph lineage cell line (27) . They are also consistent with work on heterologously expressed rat GnRHR (20, 43) , showing agonist-induced (but not antagonist-induced) downregulation of cell surface GnRHR. Similarly, rat GnRHR mediated uptake of radiolabeled agonists was faster than antagonists (43) , suggesting agonist-induced internalization, although the uncoupling of ligands from receptors after internalization (11) and the relatively slow dissociation (of antagonists as compared with agonists) complicate interpretation of such experiments. In contrast, a recent study following uptake of antibodies (targeted to epitope-tagged GnRHR) concluded that internalization of type I mammalian GnRHR was constitutive, rather than agonist stimulated (33) . The reason for this difference is unknown but it could relate to the different cell types used (HeLa herein and COS-7 or HEK293 cells in the earlier work), and this highlights the need for similar studies in gonadotropes. An additional obvious concern with the Ab-loading techniques used here is that the primary Ab could itself affect receptor function, particularly in light of early experiments showing that Ab targeting GnRHR bound ligands could do so (8) . However, we have found no measurable effect of NH 2 -terminal HA tags on GnRHR affinity, specificity, or signaling (17, 39 and data not shown) and that the primary Ab used here does not stimulate GnRHR or alter the ability of GnRH to do so (functional assays using 10 Ϫ11 to 10 Ϫ6 M GnRH). Similarly, Pawson et al. (33) observed no effect of their primary Ab (anti-HA) on HA-GnRHR function (33) . It is also of interest that the agonist-induced trafficking of HA-GnRHR seen here is similar to that observed with chimeric GnRHR-green fluorescent protein (GFP) reporter constructs (11) , allaying concern that the inclusion of spacer sequences and GFP at the COOHterminal was necessary for the agonist-induced trafficking of these chimeras.
In summary, we have found that agonists (but not antagonists) stimulate the internalization and/or downregulation of cell surface mGnRHR and XGnRHR and that GnRH stimulates trafficking of hGnRHR. We were also able to demonstrate GnRH-stimulated internalization or downregulation of cell surface hGnRHR but only when steps were taken to increase cell surface expression (addition of the XGnRHR COOH tail or pretreatment with IN3). Agonist effects on internalization (of h.XGnRHR) and downregulation (of hGnRHR and h.XGnRHR in IN3 pretreated cells) were not mimicked by peptide antagonists and were prevented by A261K mutation, demonstrating dependence on receptor signaling as well as agonist occupancy. The lack of measurable agonistinduced hGnRHR downregulation may simply reflect the low number of hGnRHR at the cell surface and the limit of detection of the assays used, but it could also reflect concomitant stimulation of trafficking to and from the PM. We suggest that the high throughput automated imaging systems described here will be of value for study of the molecular mechanisms controlling GnRHR compartmentalization and trafficking in future studies.
